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Dynamic or flow-through flux chambers are convenient
tools for field measurements of gas fluxes from soils to the
atmosphere. In this study, a dynamic flux chamber is
designed and fabricated on the basis of aerodynamic
considerations so that the conditions assumed for the flux
model are closely satisfied. The chamber consists of an
inlet transition zone, a square main body, and an outlet
transition zone. Six equally-spaced air channels are installed
in both inlet and outlet transition zones to conduct and
spread the flowing air uniformly across the soil surface,
which help to produce a simple, horizontal, and uniform
airstream above the covered soil surface. Aerodynamic
tests in the laboratory show that the air sweeps over the
entire covered soil surface with a relatively constant
velocity at a given air flow rate, and no stagnant air zones
are present. The chamber is used in a field fumigation
experiment to measure methyl bromide emission at the soil
surface. The emission results obtained from the chamber
are consistent with those obtained from micrometeor-
ological  methods used in the same experiment.

Introduction
Emissions of soil trace gases into the atmosphere have long
been studied from agricultural, ecological, and environmental
perspectives. In the last decade or so, emissions of volatile
organic compounds (VOCs) from the subsurface sources into
the atmosphere have become a serious concern because of
their potential threat to the health of human beings and their
adverse effects on the environment. Many investigators have
demonstrated that volatilization from soil to the atmosphere
is one of the major loss processes of VOCs  residing below the
soil surface (I-3). Accurate measurement of the emission
of trace gases and VOCs from soils to the atmosphere is
essential for studying the behavior of gas movement and its
fate in the subsurface, for evaluating existing theories and
models of trace gas and VOC emissions, for estimating masses
of trace gases and VOCs emitted into the atmosphere, and
thus, for assessing the effects of such emissions upon the
environment. A variety of techniques have been developed
and used for the measurement of gas fluxes at the soil surface.
These include various micrometeorological methods (e.g.,
aerodynamic method, eddy correlation, mass balance method,
and energy balance method) and enclosure-based methods
that consist of passive (or closed) and active (or dynamic,

* Corresponding author phone: (909)369-4846; fax: (909)342-4964;
e-mail address: fgao@ussl.ars.usda.gov.

+ University of California.
* USDA-ARS Salinity Laboratory.

flow-through) flux chambers. Reviews and comparisons of
these techniques are available (4- 7).

Dynamic (or flow-through) flux chambers have been
widely used as convenient tools for measuring gas emissions
from soil to the atmosphere (4, 5). This method involves
placing an open-bottom chamber over a small soil surface,
introducing an air flow through the chamber from the inlet
to the outlet, and measuring the target gas concentrations in
the m-coming air and the out-going air. In general, a flow-
through chamber can be analyzed using the principle of mass
balance over a time span of dt, which yields

where x and y are the horizontal coordinates (L) at the enclosed
soil surface, 1~ is the diffusive mass flux of the target gas (M
Lm2 t-i) at the enclosed soil surface, tdvl  and &a are
advective volume air fluxes (L t-l) from and into the soil matrix,
respectively, C. and C, are the target gas concentrations (M
Le3)  at the soil surface on the soil side and on the air side,
respectively. The terms Ch and C,, in eq 1 are the spatial
average or representative concentrations of the target gas (M
Le3) in the in-coming air at the inlet and in the out-going air
at the outlet, respectively. The terms Qoti and Qb are the
flow rates of the in-coming air and the out-going air (L3  t-l),
respectively, which can be expressed as

where v1 and vz are the air velocities (L t-l) distributed on the
outlet cross-sectionAl  (L*) and the inlet cross-sectionA  (L2),
respectively, and Sl and 22 are the area vectors on A1 and
AZ,  respectively. The advective air fluxes (J& andx&  in eq
1 can be caused by the flowing air through the chamber and
the local change of barometric pressure within the chamber.
For example, when the air flow has a local upward (or
downward) component, a 10cal&~ (orx&  will be induced.
The terms xdvl C, and xdti C, in eq 1 represent an upward
and a downward advective mass flux of the target gas at the
enclosed soil surface. The integral in eq 1 is over the entire
enclosed soil surface. Equation 1 cannot be used to calculate
flux because sufficient spatial and temporal information is
difficult, if not impossible, to obtain.

In practice, the following assumptions are usually made:
(1) the chamber is operating under steady state, i.e., the rate
of air flow through the chamber is constant and not a function
of time, (2) the gas flux is uniform over the entire covered
surface and relatively constant during the sampling interval
of (t2 - tl), (3) the in-coming airstream and the out-going
airstream are well-mixed, i.e., C,, and Ch are representative,
and (4) the diffusive flux (Jdiff) is dominant and the advective
mass flow is negligible. Under these assumptions, eq 1 can
be reduced to

where J is the mass flux (M L-* t-l), Q is the constant flow rate
of air through the chamber (L3 t-l),  and A is the enclosed soil
surface area (L*).  The previously defined C,, and Ch in eq
3 are measured in a time interval (t2 - tl)  . Equation 3 is the
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standard approach to calculate the flux of the target gas at
the soil surface when using flow-through chambers (4, 8).

Separation $ 4Ocm _I, 35 cm J5cm

Baffles  I r T i
Dynamic chambers with  various shapes and operational

features have been reported in the literature (8-13). Ad-
vantages of using dynamic chambers include (1) the potential
to maintain the conditions within the chamber nearly the
same as those in the surrounding field, since the ambient air
is continuously flowing through the chamber, and (2) the
elimination of a significant concentration buildup of the target
gas in the chamber, since the target gas emitted from the
covered soil into the chamber is continuously carried away
to the outside environment by a clean in-coming airstream.
One major disadvantage associated with dynamic chambers
is that the air flowing in the chamber may change the pressure
gradient between the soil-gas phase and the chamber interior.
Such a change in the pressure gradient may create an
advective mass flow of the target gas, which may be different
from that created by the surface winds outside the chamber.
For example, when the air in the chamber flows relatively fast
and the wind outside the chamber is relatively slow, the
flowing air in the chamber may create a pressure deficit, which
produces an additional mass flow from the soil into the
chamber. This pressure deficit may result in an overestimate
of the emission from the uncovered soil (4, 7). Another
potential problem with a dynamic chamber is associated with
its aerodynamic behavior or air-flow pattern (5). If the
chamber’s inlet and outlet are not designed and installed
properly, the flowing air through the chamber may not sweep
over the entire covered surface, leaving local stagnant air
zones inside the chamber. In addition, the air flow may have
vertical components (downward or upward) that will exert a
direct positive or negative pressure upon the covered soil
surface. Both stagnant zones and vertical air-flow compo-
nents can cause a spatially variable surface flux, which does
not satisfy the conditions in deriving eq 3, and may also make
the analysis of chamber behavior very difficult, if not
impossible.

Zone ”
(a)

Zone

q

(c)
FIGURE 1. Schematic details of the flow-through chamber system:
(a) top view, (b) cross-section A-A, and (c) base collar and soil
matrix.

(3) The direction of the air flow in the chamber should be
parallel to the covered soil surface, and any components of
air flow perpendicular to the soil surface (either downward
or upward) should be eliminated. Airstreams perpendicular
to the enclosed soil surface may induce local advective mass
flows from or into the soil matrix, which violates the
assumption of a negligible mass flow for eq 3.

In this paper, we introduce a dynamic chamber that is
designed and fabricated to closely follow the assumptions
used in the standard flux model for the flow-through chambers
(eq 3). Some of the factors that we believe to be important
for obtaining efficient chamber design and operation are
discussed. Results from the laboratory tests on the aerody-
namic behavior of the chamber are presented and discussed.
Finally, an example is presented using this chamber to
measure the methyl bromide (CH3Br)  emission in a recent
field fumigation experiment.

(4) The pattern of the air flow in the chamber should be
relatively uniform across the swept soil surface to simplify
the mathematical and physical representation and thus the
analysis of such flow.

(5) Material for chamber fabrication should be strong and
rigid to avoid possible structural deformation under field
conditions. A deformed chamber body may cause leaks in
the system and produce erroneous results.

Experimental Section
Important Aspects in Chamber Design.@ The chamber design
and the materials used for the chamber construction affect
the chamber aerodynamic behavior or air-flow pattemwhich,
in turn, determines whether the chamber can properly
measure the gas flux of interest. Important aspects to consider
when designing and fabricating a dynamic chamber that will
follow eq 3 include the following:

(6) The outside surface of the chamber should be able to
reflect solar radiation so that the radiant heating or the
“greenhouse” effect can be effectively reduced. Our recent
study has shown that this effect is important when the flow-
through chambers are used on plastic tarp to measure methyl
bromide fluxes (14).

(1) The air flow in the chamber should sweep over the
entire enclosed soil surface, eliminating any stagnant air zones
in the chamber. Stagnant zones inside the chamber may
lead to local concentration buildup, which reduces the flux
locally below these zones, thus, violating the assumption of
a constant flux in obtaining eq 3.

Chamber Design and Fabrication. A dynamic chamber
was designed using the criteria listed above. The schematic
details of the chamber are shown in Figure 1. The chamber
consists of (Figure 1a, from the left to the right): air inlet,
inlet transition zone, chamber main body that covers the soil
surface, outlet transition zone, sampling port, and air outlet.
Within each transition zone, five baffles were designed to
divide the transition zone into six individual equal-volume
channels to spread the in-coming air evenly across the soil
surface.

(2) The openings of the chamber’s air inlet and outlet
should be large enough to minimize pressure change due to
air introduction and to ensure a relatively uniform  velocity
of the airstream in the chamber at the desired air flow rate.
Thus, the effect of differential pressure created by the flowing
air on flux will be uniform over the entire covered soil surface.
This is also to ensure that a uniform flux is present under the
chamber.

The desired air flow pattern in the dynamic chamber is
shown in Figure 1 by the dashed-line arrows. When the air
enters the inlet, it is split into six equally-spaced channels.
At the ends of these channels, the six streams of air are
expected to have the same velocity and to sweep horizontally
across the soil surface toward the outlet transition zone. After
sweeping over the enclosed soil surface, the flowing air is
split again and then conducted by the six channels in the
outlet transitionzone to the outlet. Gas samples can be taken
from the airstream at the inlet and the outlet (sample port
at the inlet is not shown).
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chamber inlet, and another end was open to the air 10 cm
above a nonfumigated field approximately 100 m (328 ft) south
of the experiment site. Samples were taken at this nonfu-
migated site during the experiment. Calculation using
Poiseuille’s law showed that drawing air through the 100-m
pipe may create a small pressure deficit in the chamber
(approximately03 Pa). This pressure deficit was insignificant
as compared to the ambient barometric pressure fluctuation,
which was l-2 orders of magnitude greater as indicated by
the barometric pressure data continuously recorded during
the experiment (15).  The chamber air flow rate (Q) was
adjusted to 7.4 L min-’ by an in-line control valve. With this
flow rate, the air in the chamber was completely exchanged
approximately every 2 min (i.e., the residence time), since
the chamber main body had a volume of about 15 L.
Temperatures within the chamber during the operation were
f1.5 “C as compared to the ambient air temperatures outside
the chamber.

Samples at the outlet were obtained from the sample port
by passing a portion of the chamber out-going air through
charcoal sampling tubes (Supelco Inc., Bellefonte, PA) at a
flow rate of 0.1 Lmin-l. The samplingflowrate was controlled
by an in-line microvalve. This flow rate was monitored every
1 s using a turbine-wheel gas flow sensor (McMillan  Co.,
Georgetown, TX), averaged over a 5-min  interval and recorded
by an on-site computer. During each sampling interval, i.e.,
while the chamber was operating at one position, the air
withdrawn from the sample port passed through a series of
three charcoal tubes (or two tubes in the last 5 days of the
experiment). Each tube contained approximately 600 mg of
activated coconut charcoal granules (20/40 mesh). At the
end of each sampling interval, the charcoal tubes were
removed, the chamber was moved to the next position, a
new series of tubes were installed, and the chamber air flow
rate was adjusted, if necessary, to 7.4 L m&l. The removed
tubes were capped at both ends and placed in a freezer at -4
“C for temporary storage of less than 12 h before being
transported to the laboratory for analysis. For analysis, benzyl
alcohol was used to extract the methyl bromide sorbed on
charcoal granules. Analysis of the methyl bromide trapped
on the charcoal granules  was conducted with a computer-
operated HP 5890 Series II gas chromatograph  (Hewlett-
Packard Co., Avondale, PA) and a Telonar 7000 headspace
autosampler (Telonar Company, Cincinnati, OH). Details of
the analytical procedure are given elsewhere (16).

Results and Discussion
Chamber Aerodyanmic Behavior. The distributions of air
velocity as a function of the volumetric flow rate within the
dynamic chamber are shown in Figure 4a--c. The nominal
velocity (V,) in a test is calculated using V, = Q/(WH)  where
Q is the volumetric flow rate through the chamber, and W
and Hare the chamber width and height, respectively. The
averaged velocity (Vd is the arithmetic average of 30 velocities
measured within the chamber at about 2 cm above the soil
surface. Since the length of the velocity sensor is 5 cm, each
measured velocity represents an average of the horizontal air
velocity between 2 and 7 cm from the soil surface.

The results of three air velocity tests are summarized in
Table 1. In Test 1, the 30 measured velocities are from 60%
to 160% of the measured average and from 55% to 145% of
the calculated nominal velocity. In test 2, the measured
velocities are from 60% to 148% of the measured average and
from 68% to 168% of the calculated nominal velocity. In test
3, the measured velocities are from 71% to 146% of the
measured average and from 76% to 155% of the calculated
nominal velocity.

When the results from these tests are plotted as perspective
diagrams, they show clearly that there are no stagnant zones
above the enclosed soil surface while the chamber is in
operation (Figure 4a--c). The discrepancy between the

FIGURE 4. Distributions of the flowing air velocity in the chamber:
(a) f& = 24.5 L min-I, (b) Q = 49.5 L min-‘, (c) f& = 74.5 L min-‘.
measured average velocities and the nominal velocities
calculated from the flow rate (Q) and the chamber dimensions
(Wand H) are within &15%.  All three tests show a faster
longitudinal airstream in the middle of the chamber (Figure
4a--c).. This is likely due to the effect of chamber side walls
and the central position of the vacuum source. This effect
could be minimized or eliminated by adjusting the opening
positions of the air diverting baffles at the inlet so that a
slightly greater amount of air could be directed toward the
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TABLE 1. Flowing Air Velocities in Dynamic Chamber
air flow calculated
rate Q velocity v, measured velocities v, (cm/s)

t e s t  (L/min) (cm/s) range average vJv. ratio

1 24.5  1.1 0 . 6 - 1 . 6  1.0 0.91
2 49.5  2 .2  1 . 5 - 3 . 7  2 .5  1.14
3 74.5  3 .3  2 . 5 - 5 . 1  3 .5  1.06

1 8 0 ,

0 2 4 6 8 10 12 14 16 18 20

TIME ELAPSED, day

FIGURE 5. Methyl bromide fluxes measured in 19 days in the field
experiment

outer edges of the chamber, thus increasing the air velocity
in this region. The anemometer used in these tests is not
able to determine the vertical air velocity in the chamber.
Based on the structure of the chamber, it could be expected
that there is no bulk vertical air flow in the chamber. In a
preliminary test, a visible smoke tracer was used to view the
air flow pattern inside the chamber. No vertical airstreams
were observed in the chamber through the transparent cover.

Results from Field  Application.. Samples taken from the
chamber in-coming air during the experiment showed-that
the in-coming air was free of the target fumigant (i.e., Ci, =
0). Since charcoal tubes were used to collect the methyl
bromide gas from the sampling port, eq3 is modified as follows
to calculate methyl bromide flux:

/,=Q+4i  mi
1 -3-s

where / (mg m-* h-r) is the flux density, Q (L mir-I)  and q
(L min-l)  are the out-going air flow rate and the sample port
air flow rate, Q + q is the total air flow through the chamber
(Figure lb), A (m*) is the enclosed surface area, m (mg) is the
chemical mass adsorbed by the charcoal tubes in an individual
sampling event, and At (h) is the sampling time interval for
the corresponding tube series. The subscript i represents an
individual sampling event. The flux density (Ji)  calculated by
eq 4 is the flux averaged over the time interval of the sampling
event i. The results of flux calculations are shown in Figure
5. On the time axis in Figure 5, a numbered position
represents the noontime (i.e., 12 :00  PM) of that day.

From Figure 5, it can be seen that the emission fluxes
measured at position 2 were greater than those at position
1 i n  the first three days, and especially for the first day, of the
experiment. Such differences in emissions were likely due
to the disturbance of soil structure by the injection shanks
during the fumigation operation. When pulled by the tractor,
each shank created a narrow fracture to a depth of 68 cm. At
the bottom of this fracture, methyl bromide was injected as
a liquid and became a concentrated vapor immediately after
injection. Although the fracture was pushed closed at the
soil surface, the disturbed soil in the region of the fracture
was likely more porous and included continuous pathways

0 2

. . . . . . . . . . . . . . . .
4 6 8 10 12 14 16 18 20

TIME ELAPSED, day

FIGURE 6. Cumulative emission loss of methyl bromide in 19 days
in the field experiment.

as compared to the original soil matrix. These loosely-filled
fractures could allow methyl bromide to migrate much faster,
especially during the early stage of the experiment when the
fumigant vapor concentration was very high in the near
vicinity of the source lines (i.e., the bottoms of the fractures).
This explanation is qualitatively in agreement with the results
of a simulation study of dense vapor migration in fractured
geologic media reported by Shikaze et al. (17).  After 1 day
or so, the concentration of methyl bromide in the vicinity of
the source lines dropped due to the rapid mass loss through
the fractures, and the effect of the vapor pressure on methyl
bromide migration became less significant. As the fumigant
became more evenly distributed in the horizontal direction,
the differences in emissions at position 1 and position 2
became less noticeable, as shown in Figure 5.

To calculate the total emission of methyl bromide, the
average of the flux density measured at position 1 and the
flux at position 2 is used. The cumulated emission of methyl
bromide over the entire experimental field as a function of
time is shown in Figure 6. On the time axis in Figure 6, a
numbered position represents the noontime (i.e., 12:00 PM)

of that day. Figure 6 shows that the emission of methyl
bromide in the first three days accounted for more than 75%
of the total emitted mass, while more than 95% of the total
emitted mass occurred in the first 8 days. These results are
in agreement with the results from some recent field
experiments, which also show that the major portion of the
volatilization loss of methyl bromide from fumigated fields
is due to the early days’ emissions (18-20).. The total emission
loss from the entire field in our experiment is estimated to
be 72.4 kg, which was about 6.4% of the total fumigant applied
to the field. For our experiment and its field conditions, this
percentage of mass loss due to the volatilization as estimated
by the chamber measurements is in agreement with the
emission results measured by the aerodynamic methods in
the same experiment, which show a range of total emission
between 3 and 5% (S. R. Yates, 1994, unpublished data).

The design and structure of the dynamic chamber
presented in this paper may provide further research op-
portunities. First, it allows the analysis of chamber behavior
by developing physical and mathematical models since the
chamber produces a simple, horizontal, and uniform air-
stream. Second, a chamber with a similar structure can be
used to simulate horizontal surface wind that sweeps over a
small land surface where gas emission occurs. Thus, effects
of horizontal surface wind on emission can be simulated and
studied. Third, if the chamber operates in connection with
an anemometer, which measures the external wind speed,
this information can be used as a control to regulate the
chamber flow rate, and synchronization between surface wind
outside the chamber and the airstream inside the chamber
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can be accomplished. Thus, a more accurate measurement
of the flux in the field will become possible with this chamber.
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